This article is available online at http://dmd.aspetjournals.org
The incidence of malignant melanoma is increasing at an alarming rate among Caucasians (Albino and Fountain, 1993) . The lack of effective antimelanoma drugs for treating this form of cancer is partly due to drug resistance (Nathanson and Jilani, 1993) . Metastatic melanoma cells are pigmented because active tyrosinase of the melaninsynthesizing pathway is found in melanocytes (Riley, 1991) . Thus, the unique ability of melanocytes to produce melanin pigment could be exploited in an enzyme directed melanoma therapy (Jimbow et al., 1993) . The selective toxicity of phenolic antimelanoma agents toward local and metastatic melanoma cells could be achieved if the phenolic agent were bioactivated by melanoma tyrosinase to form reactive o-quinones as long as the agent was not bioactivated by hepatic or renal cytochrome P450. Several phenolic agents have been tested for their antimelanoma effect among which 4-hydroxyanisole (4-HA 1 ) had the greatest depigmenting ability. 4-HA was first shown by Riley (1969) to be a melanocytotoxic agent. Depigmentation and tumor shrinkage resulted from both the topical application of 4-HA (Riley, 1969) and intra-arterial infusions of 4-HA into the legs (Morgan, 1984) . Unfortunately, 4-HA clinical trails were terminated because serious kidney and liver damage occurred (Rustin et al., 1992) . Tyrosinase was shown to catalyze the oxidation of 4-HA to 4-methoxycatechol and its o-quinone, which reacted readily with nucleophiles (Naish et al., 1988a,b) . Melanoma toxicity may result from the covalent binding of the o-quinone to protein thiols and/or glutathione (GSH) depletion (Land et al., 1990) and inhibition of mitochondrial electron transport (Passi et al., 1984) . We previously reported a hydroquinone (HQ) mono glutathione conjugate was formed when 4-HA was incubated with rat liver microsomes and hydroperoxide and suggested that O-demethylation was the 4-HA bioactivation route to form benzoquinone (Anari et al., 1995) . However, other mechanistic studies showed that incubation of 4-HA with rat liver microsomes (Cheeseman, 1984) and mouse liver microsomes (Schiller et al., 1991) produced little formaldehyde, suggesting that O-demethylation of 4-HA to HQ was not a major metabolic pathway. Furthermore, 3,4-diacetoxyanisole, a prodrug of 4-methoxycatechol, was not more toxic than 4-HA toward mouse hepatocytes, indicating that this possible ring hydroxylation metabolite of 4-HA also did not account for its cytotoxicity (Schiller et al., 1991) .
In the current work, we have sought to test the validity of these findings by investigating the P450-mediated bioactivation of 4-HA and HQ in isolated rat hepatocytes. It was found that ring epoxidation and/or one electron oxidation rather than O-demethylation/ring hydroxylation/ipso attack was the bioactivation route for 4-HA in rat liver. Furthermore, the cytotoxic mechanism for 4-HA and its metab-The amount of GSH conjugates formed were determined colorimetrically using Ellman's reagent 5,5Ј-dithiobis-(2-nitrobenzoic acid) (Gergel and Cederbaum, 1997) . Incubation mixtures (1 ml) contained 100 mM potassium phosphate buffer, pH 7.4, 1 mg/ml rat liver microsomes, 500 M GSH, 1 mM NADPH, and 1 mM 4-HA. The mixtures were gently mixed at 37°C from which 250-l samples were removed at 15-and 30-min intervals and mixed with 25 l of trichloroacetic acid (30% w/v). Following protein precipitation and centrifugation for 5 min, the GSH levels of a 100-l aliquot of the assay mixture were determined by the addition of 0.4 M Tris/HCl buffer, pH 8.94 (850 l), and 4 mg/ml DTNB (50 l). The reduced DTNB formed was determined at 412 nm on a Beckman DU-7 spectrophotometer.
GSH Depletion by 4-Hydroxyanisole in Microsomes/Hydrogen Peroxide System. The amount of GSH conjugates formed was determined as described above. The reaction mixture in a final volume of 1 ml, 100 mM KH 2 PO 4 buffer, pH 7.4, contained 1 mg/ml rat liver microsomes, 500 M GSH, 1 mM sodium azide (a catalase inhibitor), 1 mM 4-HA, and hydrogen peroxide-generating system (10 mM glucose and 1 unit/ml glucose oxidase).
Microsomal Incubation for HPLC Analyses. The reaction mixture contained 1 mg of microsomal protein/ml, 2 mM 4-HA, 5 mM GSH, and 1 mM NADPH in a 2-ml potassium phosphate buffer (100 mM, pH 7.4). Incubations were carried out at 37°C for 30 min and terminated by the addition of equal volume of acetonitrile. Samples were centrifuged at 15,000g for 15 min, and the supernatants were directly analyzed for metabolite formation by LC/MS or HPLC.
HPLC Analyses of Hydroquinone and p-Quinone Metabolites. The 4-HA metabolites were analyzed by a reverse phase HPLC system (Shimadzu SCL-6B system and LC-6A pump; Shimadzu, Kyoto, Japan) equipped with Suppelcosil LC-18 column 250 ϫ 4.6 mm. The samples (5 l) of microsomal incubations were eluted by a mobile phase (flow rate 1.0 ml/min) consisting of 85:15 (v/v) acetate buffer (100 mM, pH 4.8)/methanol and detected by a ESA 5200A Coulochem II electrochemical detector (ESA, Inc., Chelmsford, MA) with a model 5010 analytical cell. The guard cell potentiostat was set at ϩ550 mV, and both oxidative and reductive currents were monitored. The first cell potentiostat on the detector was set at ϩ550 mV with the output of ϩ1.0 V, a gain range of 5 A, and a filter of 2 s. The second potentiostat was set at Ϫ300 mV with the output of Ϫ1.0 V.
LC/MS Analyses of GSH Conjugate. The aqueous supernatants of the microsomal incubations were extracted by acetonitrile and concentrated under a stream of nitrogen at 55°C. The residuals were redissolved in 100 l of 50% (v/v) water/methanol and analyzed by LC/MS using selective ion monitoring or LC/MS/MS (Anari et al., 1995) on a Sciex API III triple quadruple mass spectrometer (PerkinElmerSciex Instruments, Thornhill, ON) .
HPLC Analysis of Hepatocyte GSH Level. A modified method reported by Reed et al. (1980) was used for the HPLC analysis of GSH. To an aliquot (800 l) of the isolated rat hepatocyte incubation mixture was added metaphosphoric acid (200 l) (25% w/v) in a glass tube, mixed, left for 30 min at room temperature, and centrifuged. The supernatant (500 l) and freshly prepared iodoacetic acid (50 l) (15 mg/ml water) were cotransferred to a glass tube containing sodium bicarbonate (100 -200 mg), mixed, and left up to 1 h or overnight at room temperature in a dark room. Then 2,4-dinitro-fluorobenzene (500 l) (1.5% w/v prepared in ethanol) was added, mixed, and left to stand at room temperature in a dark room for a period of 4 to 6 h for HPLC analysis.
A sample (50 l) of the reaction mixture was injected into an HPLC column [Bondapak NH 2 (aminopropylsilyl bonded amorphous silica) 125 A°, 10 M, 3.9 ϫ 300 mm, Waters Corp., Milford, MA]. A gradient mobile phase solvent A (methanol/water, 80:20) and solvent B (methanol/acetate buffer, 80:20) was used to elute the sample at the flow rate of 1.0 ml/min for the mobile phase A/B with ratio of 90:10 (0 min), 10:90 (25 min), 90:10 (27 min), and 90:10 (30 min). Acetate buffer was prepared by the addition of sodium acetate trihydrate (270 g) and acetic acid glacial (378 ml) to Millipore water (128 ml; Millipore Corporation, Bedford, MA). Derivatized GSH and oxidized glutathione were detected at 365 nm, with retention times of 17.5 and 20.5 min, respectively.
Hepatocyte Protein Thiols Measurement. Hepatocyte protein thiols were quantified according to the method of Albano et al. (1985) .
Oxygen Consumption. The rate of HQ auto-oxidation was measured by O 2 uptake using a Clark O 2 electrode (model 5300; Yellow Springs Instrument Co. Inc., Yellow Springs, OH) in a 2.1-ml chamber. HQ (2 mM) was prepared in a Krebs-Henseleit buffer, containing HEPES (12.5 mM, at 37°C and pH 7.65). The modulating agents GSH (1 mM), catalase (280 units/ml), superoxide dismutase (SOD; 150 units/ml), or deferoxamine (1 mM) were added approximately 1 min after the 4-HA or HQ addition.
Statistical Analysis. Results represent the mean Ϯ standard error of the mean of at least three independent samples. Statistical significance was calculated using the Student's t test. The minimal level of significance was p Ͻ 0.05.
Results
In Vivo Hepatotoxicity. As shown in Table 1 , 4-HA showed a dose-dependent increase in the AST plasma levels in mice. The administration of 4-HA (200 -400 mg/kg) induced a 7-to 18-fold increase in plasma AST levels 24 h later.
Modulation of 4-Hydroxyanisole-Induced Hepatocyte Cytotoxicity. 4-HA showed a concentration-dependent toxicity toward isolated hepatocytes, and a concentration of 13 mM 4-HA was required to induce 50% cytotoxicity in 2 h at 37°C as determined by trypan blue uptake (data not shown). As shown in Table 2 and Fig. 1 , GSH-depleted hepatocytes were also much more susceptible to 4-HA. Furthermore, hepatocytes isolated from rats treated with pyrazole, a P450 2E1 inducer, were much more susceptible to 4-HA (Table 2) . However, the P450 2E1 inhibitors isoniazid and phenylimidazole (Quan et al., 1992) only partially prevented 4-HA-induced toxicity in P450 2E1-induced hepatocytes, even though they prevented hepatocyte GSH depletion (Fig. 1A) , indicating that P450 isozymes other than P450 2E1 may also catalyze the formation of a 4-HA reactive intermediate. Hepatocytes isolated from rats treated with 3-methylcholanthrene, a potent P450 1A inducer, were also much more susceptible to the toxic effects of 4-HA.
The o-quinone trap ethylenediamine (Doherty et al., 1985) did not prevent hepatocyte lethality induced by 4-HA. However, as shown in Table 2 , the DT-diaphorase inhibitor, dicumarol (Preusch et al., 1991) , markedly increased 4-HA-induced toxicity and GSH depletion. Sorbitol, an agent that elevates cytosolic NADH , also prevented 4-HA-induced cytotoxicity. In contrast, the ferric chelator deferoxamine had no or minimal protective effects against 4-HA-mediated cytotoxic insult. Furthermore, the reactive oxygen species "ROS" scavengers pyrogallol and 4-hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl had no effect on 4-HA-induced cytotoxicity or GSH depletion. In the absence of 4-HA, none of the modulators at the doses used affected hepatocyte viability.
Hepatocyte GSH Depletion by 4-Hydroxyanisole. As shown in Fig. 1A , 4-HA (2 mM) caused a time-dependent decrease in hepatocyte GSH, with 65% GSH depletion occurring after 30 min of incubation. Hepatocytes isolated from rats treated with pyrazole, a P450 2E1 inducer, were much more susceptible to the toxic effect of 4-HA and a lower concentration of 4-HA (0.6 mM) was sufficient to cause a 65% depletion in hepatocyte GSH after 60 min of incubation (results not shown). Furthermore, the CYP2E1 isoniazid and phenylimidazole prevented 4-HA-induced hepatocyte GSH depletion but not cytotoxicity. 4-HA also caused a 50% depletion of protein thiols, which was not reversed by the addition of dithiothreitol at 30 min (Fig. 1B) .
Microsomal Catalyzed 4-Hydroxyanisole Metabolism. Using HPLC coupled with an electrochemical detector, we were able to TABLE 2
Modulation of 4-hydroxyanisole-induced hepatocyte cytotoxicity
Hepatocytes (10 6 cells/ml) were incubated in Krebs-Henseleit buffer, pH 7.4, at 37°C under 95% O 2 and 5% CO 2 . Cell toxicity was determined as the percentage of cells that took up trypan blue. Incubation time shown in minutes. Values are expressed as the means of three separate experiments Ϯ S.D. All cytotoxicity modulators (except deferoxamine) were preincubated in hepatocytes for 20 min prior to addition of the test compound, while DTT was added 30 min after the experiment started. GSH-depleted hepatocytes were obtained by preincubating hepatocytes with bromoheptane (300 M) for 20 min prior to the addition of the test compound. Modulators were not cytotoxic by themselves (data not shown). Normal hepatocytes None 22 Ϯ 2 2 4 Ϯ 2 2 5 Ϯ 2 2 7 Ϯ 2 9 2 Ϯ 7 4-HA (10 mM) 
4-HA induced hepatotoxicity in in vivo
Drugs were administered to 30 g male Sprague-Dawley mice (n ϭ 9 per treatment). Plasma transaminase levels (AST) were determined from blood samples taken 5 h posttreatment. The plasma AST level for control mice was 835 SF units/mL. selectively detect HQ and p-quinone with retention time of 3.1 and 5.4 min, respectively, as the 4-HA metabolites formed by the microsomal/ NADPH system. When GSH (500 M) and 4-HA (1 mM) were added to a microsomal/NADPH incubate, the GSH amounts depleted by 4-HA over a period of 15 and 30 min were 10% (50 M) and 15% (76 M), respectively. In the absence of 4-HA, the GSH amounts depleted were 3 and 4%, respectively. Little oxidized glutathione formation was detected by HPLC in this study. When a microsomal/hydrogen peroxide-generating system was used instead of microsomal/NADPH, the amount of GSH depleted by 4-HA over a period of 15 min was 89% (445 M) and in the absence of 4-HA was 66% (330 M). However, 4-HA did not generate formaldehyde when incubated with NADPH-supported rat liver microsomes over a period of 2 h whereas aminopyrine (Niwa et al., 1999) as a positive control formed formaldehyde as a result of N-demethylation catalyzed by P450. GSH Conjugates of 4-Hydroxyanisole Metabolites. LC/MS analysis of the GSH conjugates formed identified the single HPLC peak (t R ϭ 2.8 min) as the hydroquinone mono GSH conjugate and thus was the major metabolite formed by the NADPH-supported liver microsomal system. The hydroquinone-glutathione conjugate was detected by mass spectrometry in positive ion mode at m/z [MH] ϩ 416. Subsequent LC/MS/MS analyses of the HQ-SG parent signal [MH ϩ ] ϭ 416 exhibited the following fragmentive ions: m/z 416 [MH] ϩ , 341
ϩ , and 130 (pyroglutamic acid ϩ H) ϩ . A similar fragmentation pattern of mass spectra was obtained for 2-glutathionyl hydroquinone prepared from a reaction between pbenzoquinone and GSH. Both conjugates had similar properties so that the 4-HA metabolite is unlikely to be a rearranged conjugate such as 4-glutathionyl resorcinol.
Modulation of Hydroquinone-Induced Hepatocyte Cytotoxicity. HQ showed dose-dependent cytotoxicity toward isolated rat hepatocytes with an LD 50 (2 h) of 1.7 mM. As shown in Table 3 , the DT-diaphorase inhibitor dicumarol markedly potentiated HQ-induced cytotoxicity. The NADH-generating agent sorbitol also prevented HQ-induced cytotoxicity. HQ-induced cytotoxicity was also markedly increased in GSH-depleted hepatocytes (Table 3) . Furthermore, cytotoxicity was delayed by extracellular catalase and prevented by the P450 2E1 inhibitor isoniazid. The extracellular catalase removes H 2 O 2 that effluxes the cells and thereby decreases intracellular H 2 O 2 levels.
HQ-induced cytotoxicity was markedly exacerbated by the addition of SOD to the incubation mixture and resulted in 100% cell death in 30 min. The ROS scavengers, deferoxamine and pyrogallol, partially 
FIG. 1. Effect of 4-hydroxyanisole on isolated rat hepatocytes GSH and protein thiol levels.
A, prevention of 4-HA-induced GSH depletion in isolated hepatocytes from fasted rats by P450 2E1 inhibitors or dithiothreitol; and B, effect of 4-HA on hepatocyte protein thiol levels in hepatocytes from 3-methylcholanthrene (P450 1A2) treated rats. Hepatocytes (1 ϫ 10 6 cells/ml) were isolated from rats and maintained under the constant flow of 95% O 2 /5% CO 2 except that (A) was under 1% O 2 /94% N 2 /5% CO 2 atmosphere. GSH levels were determined by the method of Reed et al. (1980) . Hepatocyte protein thiols were quantified according to the method of Albano et al. (1985) . Values represent averages of three experiments with error bars representing standard deviations.
prevented the HQ-induced cytotoxicity. The o-quinone trap ethylenediamine did not affect HQ-induced cytotoxicity.
Modulation of the Auto-oxidation of Hydroquinone. The addition of HQ to Krebs-Henseleit buffer caused extensive O 2 uptake (42 Ϯ 5 nmol/ml/min) (Table 4) at pH 7.4, which was inhibited by GSH. SOD accelerated 1.5-fold the rate of HQ auto-oxidation. This finding may be explained by a shift in the equilibrium toward pquinone formation caused as a result of superoxide radical removal by SOD. Furthermore, catalase inhibited auto-oxidation by approximately 60%, suggesting that H 2 O 2 may mediate HQ auto-oxidation. Deferoxamine did not affect the rate of HQ auto-oxidation. The addition of HQ or 4-HA to hepatocytes did not induce any cyanide resistant respiration, even at a cytotoxic concentration (results not shown).
Discussion
The hepatotoxic mechanism of 4-HA, a once promising drug used in the treatment of melanoma, has been investigated using isolated rat hepatocytes. 4-HA (200 mg/kg i.p.) administered to mice caused a 7-fold increase in plasma transaminase in 24 h later thereby indicating that 4-HA is hepatotoxic. Furthermore, GSH depletion preceded 4-HA cytotoxicity in isolated rat hepatocytes and GSH-depleted hepatocytes were much more susceptible to toxicity induced by 4-HA or its reactive metabolite HQ. Dicumarol (a NAD(P)H/quinone oxidoreductase inhibitor) potentiated the 4-HA-or HQ-induced toxicity indicating a p-quinone-or semiquinone radical-mediated cytotoxic mechanism. Ethylenediamine (an o-quinone trap) did not prevent 4-HA-and HQ-induced cytotoxicity indicating that an o-quinone did not contribute to cytotoxicity and suggests that ring hydroxylation was not the bioactivation route for 4-HA. Alkylation of intracellular nucleophilic sites or the plasma membrane by the electrophilic metabolites of 4-HA may be responsible for the impaired plasma membrane integrity as hepatocyte protein thiol depletion occurred before cytotoxicity ensued. Prior GSH depletion also markedly increased hepatocyte susceptibility to 4-HA, which suggests that GSH conjugate formation plays a vital role in the detoxification of 4-HA. Using horseradish peroxidase/GSH/H 2 O 2 -metabolizing system, we have not found any dimers, trimers, or their GSH conjugates for 4-HA whereas we have identified dimers and their GSH conjugates with 2-HA and 3-HA. Therefore it is unlikely that dimers are causing or contributing to the toxicity of 4-HA (results not shown).
Furthermore, liver microsomes/NADPH and/or microsomes/H 2 O 2 -metabolized 4-HA to form a mono HQ-SG conjugate. The cytoprotection by P450 inhibitors and the increased hepatocyte susceptibility of P450-induced hepatocytes to 4-HA suggests that P450 2E1 and 1A1 play a role in the bioactivation of 4-HA. We only examined the role of P450 2E1 and P450 1A1 in toxicity, and other P450s have not been investigated in the current study and may well subsequently prove to contribute to the bioactivation. The role of P450 2E1 in 4-HA-induced GSH depletion and cytotoxicity may result from its ability to catalyze primarily the ring epoxidation of 4-HA to pquinone and 4-HA epoxide, which react with GSH to form a HQ-SG conjugate. HQ-SG may then undergo oxidation induced by superoxide radicals generated by P450 2E1 (Dai et al., 1993) to form a semiquinone-SG conjugate and subsequently a Q-SG.
When 4-HA was incubated with a rat liver microsomes/NADPH system, however, negligible amounts of formaldehyde were formed, which suggests that the apparent O-demethylation reaction occurred via epoxidation. Previously, it was reported that ring hydroxylation of 4-HA was not a bioactivation route because 3,4-diacetoxyanisole, a prodrug of the metabolite 4-methoxycatechol, which forms if 4-HA undergoes ring hydroxylation, was not more toxic than 4-HA (Schiller et al., 1991) . Further mechanistic studies showed that incubation of 4-HA with rat liver microsomes (Cheeseman, 1984) or mouse liver microsomes (Schiller et al., 1991) produced little formaldehyde, indicating that O-demethylation of 4-HA to HQ was not a major metabolic pathway. However, they speculated that the cytotoxic metabolite of 4-HA was probably an epoxide without elucidating its chemical structure or identifying a GSH conjugate (Schiller et al., 1991) .
We hypothesized three mechanisms for 4-HA bioactivation [i.e., ring hydroxylation, O-demethylation, and O-demethoxylation (arene oxide formation)]. The first two mechanisms were ruled out because we were not able to identify 4-methoxycatechol and formaldehyde, respectively. The third pathway is the most likely pathway for the bioactivation of 4-HA because a HQ-SG conjugate was identified. O-demethoxylation can occur as a result of either epoxidation (arene oxide formation) or one electron oxidation or an ipso attack. The epoxidation and one electron oxidation were previously described as a possible mechanism of O-deoxylation for 4-aryloxyphenol but not an ipso attack due to the presence of a hydroxy group at para position to the aryloxy group (Ortiz de Montellano, 1995; Testa, 1995; Guengerich, 2001) . Using deuterium and tritium substituted phenyl derivatives, Daly et al. (1968) have found that when the main phenyl substituent was not readily ionizable such as methyl, phenyl, and halide groups, 40 to 65% of the deuterium and higher percentages of the tritium migrated via a National Institutes of Health shift mechanism. However, with ionizable substituents such as hydroxy or amino groups, deuterium retention in the molecule ranged from 0 to 30% (Daly et al., 1968) . This indicates that when an arene oxide (epoxide) formed as a result of P450-mediated bioactivation, the presence of a hydroxy group at meta or para position to the epoxide leads to the cleavage of the epoxide bond between oxygen and C3 and the formation of a hydroxy group at para position to the phenolic group and subsequent elimination of deuterium. Thus one can conclude that the addition of oxygen to aromatic bonds C1-C2 of 4-HA would yield to an arene oxide that undergoes a rearrangement because of the hydroxy group, a readily ionizable group, at its para position consequently leading to the loss of the methoxy group in 4-HA.
As depicted in Scheme 1, hepatocyte P450 catalyzes the ring epoxidation of 4-HA to form 4-HA epoxide and p-quinone. HQ is also oxidized to form the electrophile p-quinone. Both 4-HA epoxide and p-quinone react with GSH to form a HQ-SG conjugate and alkylate protein thiols, which likely causes a loss of cell function. In addition, HQ-SG undergoes further oxidation and generates an electrophilic p-quinone-SG conjugate. Therefore, it appears that the 4-HA/microsomal-metabolizing system acts as a p-quinone/hydroquinone-generating system. Alternatively, the formation of p-quinone could also proceed through P450-mediated one electron oxidation of phenolic group with subsequent hydroxylation at para position to the phenolic group.
The formation of 4-glutathionyl resorcinol is mechanistically unlikely for two reasons: 1) the C4 is more hindered than C3 when GSH attacks the arene oxide formed, and 2) if GSH attacked the C4 center, 4-methoxyresorcinol should have been also identified by MS analysis. It should also be noted that if 4-HA underwent ring epoxidation on the carbon centers adjacent to 4-hydroxy group, the product of 4-HA bioactivation would have been 4-methoxycatechol-or 4-HA-glutathione conjugate, which clearly is not the case. In the current study, we have provided additional evidence for the formation of hydroquinone and p-quinone when 4-HA was incubated with microsomal/NADPH incubation mixture using a HPLC coupled with an electrochemical detector. LC/MS studies by Anari et al. (1995) also showed that HQ-SG adduct was formed by the t-butylhydroperoxide-supported microsomal P450 metabolism of 4-HA (known as P450 peroxidase activity).
The thiol-reducing agent DTT did not prevent 4-HA cytotoxicity or affect the depletion of hepatocyte GSH or protein thiols thereby suggesting that mixed protein disulfide formation did not contribute to protein thiol depletion. Deferoxamine, a ferric chelator, which inhibit ROS formation by preventing the participation of iron in the Fenton reaction, and the antioxidant pyrogallol/4-hydroxy-2,2,6,6-tetramethylpiperidene-1-oxyl were not effective in preventing 4-HA-mediated cytotoxicity. GSH-depleted hepatocytes were more susceptible toward 4-HA-induced cytotoxicity. These findings also suggest that protein alkylation by 4-HA epoxide or p-quinone could be a major cause of 4-HA-induced cytotoxicity toward isolated rat hepatocytes rather than oxidative stress. The effects of cytotoxicity modulators on hepatocyte cytotoxicity induced by HQ were in most cases similar to the effects of these modulators on hepatocyte cytotoxicity induced by 4-HA. This strengthens the likelihood that HQ was the reactive metabolite resulting from the 4-HA bioactivation.
The nucleophile GSH likely inhibited HQ auto-oxidation by binding the p-quinone. Catalase delayed HQ-mediated hepatocyte cytotoxicity as well as HQ auto-oxidation in the absence of hepatocytes. The catalytic decomposition of H 2 O 2 by catalase would prevent the oxidation of hydroquinone to semiquinone (Scheme 1), thereby inhibiting superoxide radicals and ROS formation. Catalase may protect against HQ-mediated hepatocyte cytotoxicity by preventing the autooxidation of HQ-SG and/or HQ catalyzed by H 2 O 2 . The catalase added to incubation medium removes H 2 O 2 that effluxes the cells and thereby decreases intracellular H 2 O 2 levels, which suggests that intracellular H 2 O 2 formation contributes to the oxidation of HQ by P450 2E1. In addition, SOD exacerbated HQ-induced cytotoxicity and HQ auto-oxidation. There is a greater affinity between the semiquinone and molecular oxygen than between p-quinone and O 2
. (Eyer, 1991 ; SCHEME 1. Hepatocyte P450 catalyzes the ring epoxidation of 4-HA to form 4-HA epoxide and p-quinone. Tayama and Nakagawa, 1994 The variety of inhibitors such as isoniazid, phenylimidazole, and dicumarol or modulators such as deferoxamine used in our study have multiple actions, which leads to the problem of drawing definitive conclusions from the use of pharmacologic agents. However, the cumulative evidence drawn from the use of these agents with differing major effects points to our conclusions with respect to the 4-HA mechanism of cytotoxicity discussed in this communication. In summary, the P450-catalyzed bioactivation pathway of 4-HA to form cytotoxic reactive metabolites seems to involve ring epoxidation and/or P450-mediated one electron oxidation as bioactivation routes to convert 4-HA to the reactive intermediate species 4-HA epoxide and p-quinone rather than O-demethylation/ring hydroxylation/ipso attack mechanism. The cytotoxic mechanism for 4-HA is similar to the cytotoxic mechanism of its reactive metabolite HQ and likely results from the alkylation of cellular components by 4-HA epoxide and p-quinone rather than resulting from oxidative stress. Finally, the 4-HA-induced hepatotoxicity found indicates that 4-HA is not suitable for antimelanoma therapy.
